Abstract Myanmar is drawing rapidly increasing attention from the world for its seismic hazard. The
Introduction
The oblique convergence between the India and Sunda is accommodated by a partitioned system of some tectonic structures, the most significant of which is the Sagaing Fault (SF), a major N-S striking right-lateral strike-slip fault extending about 1200 km between 15°N and 27°N ( Figure 1 ) [Maung, 1987; Holt et al., 1991] . The SF, which links the Andaman Sea in the south and the Eastern Himalayan Syntaxis in the north, is considered to be one of the most active faults in the world with a present-day slip rate of about 2 cm/yr [Maurin et al., 2010] . Geological studies indicate that the SF has accommodated about 330 km [Curray, 2005] to 450 km [Mitchell, 1993] of dextral displacement between its eastern and western sides since its formation during the Miocene [Searle et al., 2007] . The accumulated strain is released in spasmodic slip events associated with earthquakes. As a result, the SF has experienced a long recorded history of seismic activity, including six M ≥ 7 events since 1930 [Hurukawa and Maung Maung, 2011] . Since the SF cuts through the center of Myanmar and passes through some highly populated and rapidly developing cities, such as Nay Pyi Taw, Bago, Sagaing, Mandalay, and Yangon (Figure 1) , a large population more than 17 million is exposed to a significant earthquake hazard. The great concern raises the question where the next large earthquake would most likely occur.
We address this question by investigating the evolution of the Coulomb stress and earthquake interaction on the SF in the last 110 years. Earthquake triggering due to change of Coulomb failure stress (ΔCFS) triggers an earthquake with positive ΔCFS, in contrast, negative ΔCFS delays the occurrence of subsequent events [Stein, 2003; Freed, 2005] . In recent 20 years, the earthquake triggering hypothesis has enjoyed the support from a number of studies on aftershock distribution [e.g., King et al., 1994; Toda et al., 1998 ], earthquake sequences [e.g., Pollitz et al., 2003; Shan et al., 2013] , and triggering of moderate to large earthquakes [e.g., Harris et al., 1995; Deng and Sykes, 1996] as well as earthquake hazard assessment [e.g., Nalbant et al., 2005] .
The purpose of this study is to investigate a seismic series comprising 10 earthquakes of M > 6.5 on the SF (Table 1 and Figure 1 ) since 1906. We calculated evolution of stress by merging key parameters such as coseismic slip, postseismic viscoelastic relaxation, and interseismic tectonic loading due to India-Sunda convergence. The correlation between the stress evolution and earthquake migration was checked by examining the evolution of the ΔCFS on the rupture surfaces immediately before the earthquakes. We extended the calculation to the present to estimate current state of stress on various segments of the SF and identified the portion (s) possessing viable stress to trigger an earthquake. The inferred information is then used for the seismic hazard assessment in this region.
Earthquake Sequence and Source Parameters
In the past 110 years, many earthquakes occurred on/near the SF. Hurukawa and Maung Maung [2011] compiled a catalog consisting of 19 events of M > 6 during the period between 1930 and 2003. The earthquakeinduced (static and postseismic) stress transfer of events with M ≤ 6.5 affects ΔCFS only at local scale, and the rupture parameters determined by paleo-seismic studies have large uncertainties. Therefore, in this study, we focused on the earthquakes with M > 6.5. Hence, we compiled an earthquake sequence consisting of 10 events ( Figure 1 and [Maurin et al., 2010; Kundu and Gahalaut, 2012; Hurukawa and Maung Maung, 2011] and the modified epicenters in this study, respectively. The black beach balls indicate the large historical earthquakes. The black solid lines and black thick lines represent faults and ruptured segments, respectively. The grey lines are other active faults in this region. The red dashed line indicates the unruptured section on Sunda Trench. The green stars denote the cities with population more than 1 million. Shaduzup (SZs), Kamaing (KMs), and Mogang (MGs) segments are three strands on the northern Sagaing fault system [Wang, 2013] . Nay Pai Taw is the new capital of Myanmar, and Yangon is the largest and highest populated city of Myanmar. Inset shows study area at regional scale. The segments are labeled right of the figure, after Wang [2013] .
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surface confirmed by field work [Wang, 2013] , except the 1931 earthquake, the locations of hypocenter and rupture of which is still enigmatic. In the study, we chose the Kamaing (KMs) as the rupture source, following Wang's suggestion [Wang, 2013] . However, since the possibility of a source on the Mogang (MGs) cannot be ruled out due to sparse seismic intensity records and unavailability of isoseismal map, we conducted comparison test by considering MGs as the source and presented the results in the supporting information.
In calculation, ΔCFS was obtained by projecting earthquake-induced two-order stress tensor on a special fault plane, which is known as receiver fault. The rake angles of rupture and receiver fault are set to be 180°following the geologic fault mapping [Maung, 1987] . We set the dip angles of rupture and receiver fault to be 80°as suggested by Tsutsumi and Sato [2009] . Since the locations of historical earthquakes are not well constrained and large earthquakes mainly occurred on active faults, we slightly modified the locations of epicenters of historical earthquakes to shift them on the SF.
Since the rupture properties of historical earthquakes are poorly constrained, the source parameters are derived from magnitude by using empirical scaling relationships. We calculated the length and width of rupture, average displacement by either M s or M w based on the empirical equation given by Wells and Coppersmith [1994] , as the difference between the magnitude scale (M s and M w ) is negligible for the earthquakes with M > 5.7 [Wells and Coppersmith, 1994] . The model parameters for the historical earthquakes are shown in Table 1 . Here we assume uniform slip on the rectangle fault, as detail slip distributions for these earthquakes are not available. However, different empirical scaling relationships result in different source parameters. To verify the stability of results due to the uncertainties of source parameters, we conducted comparison experiment using the empirical scaling relationships proposed by Kanamori and Anderson [1975] .
Models and Methods
ΔCFS Calculation
We calculated the ΔCFS by using the expression [Scholz, 1990] ΔCFS ¼ Δτ-μ 0 Δσ N where τ, σ N , and μ 0 represent shear stress (in Pa), normal stress (in Pa), and effective coefficient of friction, respectively. 
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In the present study, the evolution of ΔCFS in the Myanmar region was computed by integration of coseismic static and postseismic viscoelastic relaxation stress transfer since the 1906 M w 7.0 earthquake, using the code PSGRN/PSCMP .
For postseismic stress transfer simulation, we adopted linear Maxwell rheology to calculate the viscoelastic effects in this study. Although some other rheological models were suggested better to analyze postseismic relaxation processes, however, viscoelastic relaxation in timescale~100 years shows minor differences in stress changes [Verdecchia and Carena, 2015] . Therefore, instead of following complex models incorporating additional unknowns, we go for simplest and primarily in practice linear Maxwell rheology. We assumed a viscosity of 1 × 10 20 Pa · s for lower crust (η LC ) and upper mantle (η M ) because of lack of good constrains from geodetic observations. Different possible viscosities were tried for robustness of results.
Multilayered Lithospheric Model
Based on the Crust1.0, we built the lithospheric reference model that includes upper, middle, and lower crust and lithospheric mantle with the properties of density ρ, V p , and V s for each layer ( Figure S1 in the supporting infromation). The lithospheric structure of location (96°E, 22°N), which is the central of the SF and Myanmar region, was adopted. The following expression is used to derive shear modulus (μ) by applying quantities: density (ρ) and V p [Aki and Richards, 2002] .
We chose a Poisson's ratio of 0.25 and set a moderate value, 0.4, for effective coefficient of friction μ 0 [King et al., 1994] . Furthermore, we inspect robustness of results by varying μ 0 .
Numerical Results
ΔCFS Evolution on SF
We calculated the stress transfer and accumulative ΔCFS using the parameters described above and shown in Table 1 .
The ΔCFS evolution since the inception of earthquake series till 2003 earthquake on the SF is illustrated in Figure 2 . A series of snapshots exhibit state of stress field by the initial event, 1906 M w 7.0, in Figure 2a followed by stress field state (Figures 2a-2i Therefore, we suggested that the May 1930 earthquake is an independent one, which was not influenced by the two previous events in the sequence.
The May 1930 M s 7.4 earthquake, which ruptured the southern SF, loaded the whole rupture surface of the December 1930 M s 7.5 earthquake with coseismic ΔCFS over 0.01 MPa (Figure 2c ). Since the time interval between these two events is only half year, the process of viscoelastic relaxation can be neglected. An average and maximum stress was raised up to 0.018 MPa and 0.066 MPa, respectively, due to coseismic loading on rupture surface (Table 1) , going beyond 0.01 MPa (0.1 bar) above which earthquake triggering becomes statistically significant [King et al., 1994; Stein, 1999; Heidbach and Ben-Avraham, 2007] . Consequently, the December 1930 M s 7.5 earthquake was evidently encouraged by the associated ΔCFS of the May 1930 M s 7.4 event.
The rupture of 1931 earthquake was stressed by the 1908 event, especially on its northern part. The 1931 earthquake significantly increased the stress accumulation north and southwest to its rupture plane (Figure 2e In order to verify the applicability of earthquake triggering hypothesis to the SF, we combined both coseismic and postseismic ΔCFS in the investigation. We further categorized earthquake triggering based on the ΔCFS on rupture surface by following Heidbach and Ben-Avraham [2007] . We deduced that six out of nine events depict potential triggering owing to both average and maximum ΔCFS values greater than 0.01 MPa (Table 1) . However, if we apply this scheme for the maximum ΔCFS changes on the rupture, eight out of nine events are potential examples of the earthquake triggering. It suggests that the preceding earthquakes prompt the occurrence of the following ones.
ΔCFS Accumulation and Seismic Hazard on SF
We extended the calculation to year of 2016 to further look into the ΔCFS accumulation on the SF (Figure 3a ). Significant aspect of the cumulated ΔCFS on the fault is the existence of three positive ΔCFS sections, A-C (Figure 3 ). Sections A and C correspond to Meiktila Segment and Bago Segment, respectively. Section B manifest a doubtful pattern of the calculated ΔCFS pattern because the rupture extents of the two events in 1930 were not well constrained. Paucity of paleo-seismology and microseismicity information bounds us to conduct further quantitative investigation. Therefore, the state of ΔCFS and hazard of the section B still remains an open debatable question. However, the Meiktila Segment and Bago Segment are our interested regions which have faced the absence of any massive earthquake throughout the duration of 113 years [Hurukawa and Maung Maung, 2011] .
The Meiktila Segment exists between 19.2°N and 21.5°N in central Myanmar. Hurukawa and Maung Maung [2011] outlined this region as a seismic gap with~260 km long, corresponding to an M7.9 earthquake. Since Nay Pyi Taw, the new capital of Myanmar, and the highly populated city, Mandalay, locate near the Meiktila Segment, meaning that their populations are exposed to a significant earthquake hazard. Based on a paleo-seismological study, Hurukawa and Maung Maung [2011] proposed a recurrence interval of 160 years or more for this section. Since this region has not experienced any large earthquake over the past 113 years, the next large earthquake is expected to strike the area in the near future [Hurukawa and Maung Maung, 2011] . The earthquake-induced ΔCFS transfer would further increase the seismic hazard of this region. To quantify the influence from earthquake stress interaction, we model the rate of interseismic tectonic stress accumulation, and then compare it with earthquake-induced ΔCFS.
The tectonic stress loading was modeled by the deep dislocation technique proposed by Savage [1983] and was realized by a steady slip from the locking depth to 100 km. The slip increases from zero at the locking depth to its full magnitude at the bottom of crust . In our simulation, the locking depth was set to be 15.5 km (bottom of upper crust), which is corresponding with the result from a GPS study in the central Myanmar [Vigny et al., 2003] . Moreover, the focal depths of earthquakes occurred in this region are almost shallower than 15 km (http://www.globalcmt.org/CMTsearch.html). Therefore, the locking depth adopted in our model is relative reliable. The magnitude of the slip rates on the northern, central, and southern SF are set to be 16 mm/yr, 20 mm/yr, and 14 mm/yr, respectively [Maurin et al., 2010] . The reference depth of tectonic loading simulation is set to be 10 km.
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As shown in Figure 3c , the earthquake-induced ΔCFS prompts the Meiktila Segment and Bago Segment early to rupture. The encouragements for the northern and southern parts of the Meiktila Segment are more than 10 years. As mentioned above, this segment is on its later stage of earthquake cycle. The earthquake-induced ΔCFS could further enhance the probability of earthquake occurrence. The population of two neighboring cities, Mandalay and Nay Pyi Taw, is exposed to a severe earthquake hazard.
The Bago Segment is quite closed to Yangon (5.21 million populations) and Bago (1.225 million populations), the biggest and highest populated region in Myanmar. Considering the rupture of the whole segment range (~180 km), an earthquake of~M7.7 is expected. The earthquake-induced ΔCFS obviously stressed the northern part of the Bago Segment, being equivalent to a tectonic loading over 10 years. Therefore, the northern extremity of the Bago Segment may be at risk to experience seismic hazard in near future.
Stability of the Results
The numerical results are prone to be affected by many factors. We conducted test experiments to examine the influence of two dominating factors, the coefficient of friction and the viscosities of lower crust and mantle, to verify the stability of the results.
Coefficient of Friction
Selection of suitable value for coefficient of friction μ 0 is significantly important for modeling results because it alters normal stress contribution to ΔCFS. Initially, we chose a commonly used value of 0.4 [Parsons et al., 1999] for stress modeling and then conducted a series of investigation using values (0.2 and 0.6) to verify the robustness of outcomes. Numerical results reveal the difference (<10%) in calculated stress fields (Table 1) . Therefore, impact of varying μ 0 is relatively small than other parameters such as slip distribution and rheology, hence, can be neglected.
Effect of Viscosity
The speed of the viscoelastic relaxation is mainly controlled by the viscosity of the lower crust and upper mantle: the smaller the viscosity, the quicker the relaxation process. Therefore, the choice of viscosity values may influence the results and needs to be justified. We tested our results by adopting various viscosity configurations (Table S1 in the supporting information). Our tests show that although the magnitude of ΔCFS changes, the choice of different viscosities does not influence the ΔCFS pattern and the triggering Figure 3a . In this study, time for tectonic loading is calculated by dividing the earthquake-induced ΔCFS with the tectonic loading rate.
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10.1002/2017GL072770 relationship among our sequence for the timescale of the present study (~100 years), which is also verified by Verdecchia and Carena [2015] in their study of the California-Nevada border. Moreover, lower values of viscosities speed the relaxation process, leading to a more significant role of the postseismic viscoelastic relaxation for the buildup of ΔCFS (Table S1 ). However, for seismic hazard assessment, we prefer to deduce our results by using the higher value of viscosity (10 20
Discussion and Conclusions
We further analyzed the ΔCFS imposed by some large neighboring historical earthquakes on the SF (black stars in Figure 1 ), including the 1762 M w 8.5 Arakan earthquake [Wang, 2013] , 1897 M8.7 Assam earthquake [Rajendran et al., 2004] , 1950 M8.6 Assam-Tibet earthquake [Raghukanth, 2008] , 1912 M w 7.7 Burma [Wang, 2013] We also investigated the influence of the potential large earthquake on the Sunda Trench upon the ΔCFS on the SF. Steckler et al. [2016] proposed an underappreciated hazard existed between Indian Plate and Myanmar. An earthquake with M w > 8.2 may occur on the locked megathrust below the fold belt (red dashed line in Figure 1 ). We calculated the ΔCFS on the SF caused by the potential earthquake on the Sunda Trench and found that the earthquake would reduce the ΔCFS accumulation (≤0.01 MPa) on the southern part of the Bago Segment and slightly stress its northern part (~10 À3 MPa). It means that the potential earthquake on Sunda Trench has little influence on the SF in the future.
Thus, we can conclude that the neighboring large earthquakes do not significantly affect the ΔCFS on the SF, confirming the robustness of our results.
In summary, we calculated the coseismic and postseismic ΔCFS evolution in the SF area to test the stress triggering hypothesis by using a sequence of 10 historical earthquakes along the SF from 1906 to 2003. The earthquake interaction analysis reveals that eight out of nine earthquakes posterior to the 1906 earthquake show encourage effects owing to the maximum cumulative ΔCFS on the rupture. A good correlation between ΔCFS transfer and earthquake occurrence and a significant interaction between earthquakes are demonstrated.
From the cumulative ΔCFS on the SF, we unveiled three sections with notable ΔCFS increment in central and southern SF. Since these highly populated regions have not experienced any large earthquake throughout period of 113 years, and the earthquake-induced ΔCFS further raised the stress accumulation on these segments, the seismic hazard in these areas is emphasized.
